and imagine that more integrative approaches will be needed to better understand biology at the fundamental level.
Figure 1. Integration of Functional Maps
An example is shown for C. elegans. By integrating several large-scale functional genomic projects it should be possible to formulate increasingly meaningful hypotheses.
led to the characterization of relatively small numbers a set of genes primarily transcribed in the germline was established (Reinke et al., 2000) . Unexpectedly, these of gene products compared to the size of predicted proteomes. The horizontal approach presents the adgenes are not distributed randomly in the worm genome. Only a few sperm-specific and germline-enriched genes vantage of being more global but suffers from its lack of immediate conclusive evidence. A higher signal on a are found on chromosome X. This observation suggests interesting hypotheses about the X chromosome, for single spot of a DNA chip is no proof that the corresponding protein is indeed present at elevated levels.
example that gene dosage compensation might be absent in the germline. However, by repeating expression profiling experiments over and over again, for example using numerous strains containing different gene knockouts and/or ana-
Comprehensive Functional Maps
The few examples described above suggest that novel lyzing many different conditions, it now becomes apparent that expression clusters of coregulated genes can biological hypotheses can indeed originate from comprehensive large-scale mapping projects. Conceptually emerge leading to sensible hypotheses of function. In other words, fishing expeditions that are extended to more then a comprehensive large-scale transcriptome mapping project can be thought of as a two-dimensional comprehensive large-scale mapping projects seem to gradually become more biologically informative. A set of matrix ( Figure 3 ). One axis corresponds to all genes of an organism that can be tested by expression profiling. recently published microarray and DNA chip experiments clearly illustrates this point. For example by ana-
The other axis represents all gene knockout backgrounds of the same organism, or a standardized set lyzing relatively large numbers of cell cycle-dependent expression profiles, clusters of potentially coregulated of conditions to which the organism can be exposed (see e.g., Hughes et al., 2000) . Such a trancriptome map genes were established (see e.g., Cho et al., 1998). Computational analysis of the promoters of these clustered is already being developed for Saccharomyces cerevisiae (Sherlock et al., 2000) . Of course this map will congenes revealed common transcription factor binding sites, some already known but others never identified stantly evolve as more experiments are being added. But geographical maps evolve over time as well. before (Tavazoie et al., 1999 Hypothesis-driven research concentrates on one protein and uses many different tools for its characterization. We refer to the vertical arrow as the "vertical approach." Large-scale functional genomics experiments apply the same tool to many if not all genes or proteins. We refer to the horizontal arrow as the "horizontal approach." expression vectors) are now ready to be used to screen been tested but it is likely that with increasing automation, large numbers of conditions will become testable. many more phenotypes. Here the conceptual matrix for a comprehensive "phenome" mapping project would be It is conceivable that a complete set of a proteome's proteins could be tested, for the ability to modify postas follows: one axis represents all available knockouts while the other represents a large series of standardized translationally the same set of proteins with the goal of defining a complete "enzymome" (Figure 3 ). In this maphenotypes that can be screened (Figure 3) . Likewise, the two-hybrid system has facilitated protein trix, one axis represents proteins to be tested as potential enzymes while the other axis represents the same interaction fishing expeditions giving rise to numerous potential interactors for almost any particular protein of interproteins to be tested as potential substrates. All 6000 yeast proteins fused to GST could be tested for their est (Fields and Song, 1989). Systematic screens were recently described for large sets of proteins that lead to ability to mediate acetyl transferase activity for example on all proteins of the same proteome fused to another interesting clusters of potential protein interaction networks indicative of functional relationships between tag. Even the most complex approaches might be transferable into large-scale projects. For example, a number products including those of uncharacterized genes ( graphical maps is also convenient to illustrate this point.
Maps represent an approximation of the reality. The first In the future it is likely that additional functional characterization techniques currently used for one protein maps drawn for the globe, for example, were imprecise and arguably wrong for some parts. However, they at-a-time will be improved to a point where most proteins of a proteome can be characterized all at once. A turned out to represent absolute requirements for the elaboration of increasingly improved maps. Undoubtbiochemical genomics has already been described in which all proteins predicted from a proteome can be edly, when we look back in a few decades at the biological maps currently being generated, we will smile at our assayed for potential enzymatic activities (Martzen et al., 1999). So far, only a few enzymatic reactions have lack of sophistication. But one has to start somewhere. 
Short-Term Challenges for the Construction ent approaches developed for model organisms will help facing similar challenges in humans. of Comprehensive Functional Maps
One of the many ways functional maps will become better and better over time is by improving the quality Integration of Maps into an Atlas As already mentioned above, organisms can be thought of the genomic data itself. The reader should be reminded at this point that a proportion of the human of as systems of molecular modules, each responsible for a particular biological function (Hartwell et al., 1999). genome still remains to be sequenced and that the number of genes is still unclear. In addition the rate of false
The function of modules can be basic like protein synthesis, cell cycle regulation, or DNA repair for example or positives and false negatives for exon predictions could be high, especially with the problem of frequent alternamore sophisticated like long-term memory or immunity. One of the greatest challenges of the post-genome era tively spliced variants. Furthermore, large sets of protein-encoding open reading frames (ORFs), or "ORis that a large majority of genes predicted from complete genome sequences have remained completely unstudFeomes," will need to be cloned into expression vectors that are appropriate for the making of different maps. ied so far, or in other words have not been assigned to any molecular module. This situation introduces a basic These challenges would be hard to address with the human genome because of its complexity and its high question. Despite the sophistication used to date to study molecular modules in great detail, are there many proportion of noncoding sequence.
Fortunately, the launchers of the Human Genome more genes to be identified per module? Or alternatively, are there more biological modules that remain to be Project had the vision to include a few model organisms on the list of genomes to be sequenced. And thus with discovered, or both? In this context, one of the goals of comprehensive the complete, nearly complete, or working draft versions of the genomes of Escherichia coli, S. cerevisiae, C. functional mapping projects is to find all genes involved in particular modules using high-throughput techniques. elegans, D. melanogaster, and Arabidopsis thaliana, we have the opportunity to develop and test new concepts In each case, the basic strategy relies upon the assumption that genes involved together in a module should share and technologies for the post-genomic era. Such concepts and technologies will be needed to capitalize in common properties. They should be more likely to be coregulated at the transcriptional level for example, and silico genome sequence data into improved proteome predictions and reagents for large-scale functional maploss-of-function mutations of these genes should confer similar or opposite phenotypes. In addition their products ping projects. However even for model organisms, things can be confusing. To start with, the exact number might be more likely to interact physically and localize in similar cells and cellular compartments. Hence, tranof genes is not established for any of these model organisms, even for budding yeast. This situation requires the scriptome maps consist of "expression clusters" of coregulated genes while interactome maps are better development of new techniques to provide evidence for gene predictions based upon computer programs only.
viewed as networks of interacting proteins ("interaction clusters") ( Figure 4) . Phenome maps can be thought of For example, the predicted number of genes in C. elegans is currently being verified using a new technique as lists of similar phenotypes that could be referred to as "pheno-clusters" and localizome maps can be based on large-scale ORFeome cloning and subsequent sequencing of the resulting clones (see e.g., Walhout imagined as localization clusters (Figure 4) . In this context, the current "raison d'ê tre" of functional maps is et al., 2000b). Current proteome predictions also need improvements of exon/intron structures for high quality to provide lists of clusters that contain both already characterized and as yet uncharacterized genes, with functional maps to be generated. Perhaps these differ- However, the major limitation of functional maps is formaticians will be busy developing the infrastructure of functional maps and the architecture of a biological that they only indicate a rough approximation of the genes involved in a module. In other words, functional atlas. This process will take numerous trials and errors, with the scientific community ultimately selecting the maps as they are being generated currently suffer from the fact that no high-throughput strategy can stand most appropriate formats among many. Hence it is probably most appropriate here to simply lay down a minimal alone to generate solid conclusions on any particular protein function problem. The basic assumption behind set of principles that seem crucial for an atlas to be beneficial. the notion of a biological atlas of functional maps is that the inherent restrictions of functional mapping will Online Availability of Raw Data Since the computational methods used to interpret the gradually fade away as multiple maps are integrated into overlaying sets of functional characteristics (Figure raw data produced by functional genomics projects are constantly evolving, it is important to archive the data 4). Thus, among the most crucial challenges lying ahead in the post-genome era, one is to learn to what extent in a format that renders it available to everyone. Currently the data retrieval from different websites is not the functional information from different maps can be overlayed. Even though such relationships have been always as efficient as it could be. In the most extreme cases, the data is not even available online, or alternademonstrated for small numbers of proteins, it remains to be shown how they apply in large-scale settings.
tively has disappeared from its URL after a while. Hence, it might become important to create a repository similar What statistical significance, if any, can we expect from correlating the data found in different functional maps?
to GenBank in which all functional genomic data would have to be deposited as a condition for publication in One can imagine numerous exceptions to the basic assumption that genes involved in one module will coclusthe scientific literature. "Horizontal" Availability of the Data ter in various maps. Will these exceptions obscure the presumed overlap between different maps? How many One of the most important challenges will be to organize the information both "vertically" and "horizontally" (Figmaps will it . In addition to the raw data, it will be important to design the proper visualization tools to graphically represent Hence it is likely that a more complete understanding of life at the molecular level will require the description the functional relationships contained in different maps. Such research is already ongoing for transcriptome not only of each protein individually but also of the full complement of proteins involved in particular biological maps for example. Most biologists already know how to visually interpret self-organizing or hierarchical cluster processes. It is possible that functional maps will be crucial to facilitate this transition. Finally, beyond the maps of the transcriptome. Once such tools are developed for other maps, the corresponding websites will need for integrative methods, is the notion that biological modules represent such complex systems that their need to be interconnected so that the information emerging from different maps can be compared and
properties cannot be predicted a priori. This possibility has triggered the development of mathematical modelintegrated properly. So far, one solution has been to connect the URLs of various functional maps to common ing methods to describe biological systems at the molecular level and help predicting potential behaviors of websites whose role it is to centralize the information. This arrangement allows a researcher to "surf" from these systems in response to various virtual treatments (Weng et al., 1999) . It is likely that the relevant informawebsite to website searching for functional information. It is likely that many more web-based hubs will need to tion needed to build more accurate models will derive mostly from functional maps currently generated by the be created to facilitate the navigation from maps to maps.
fields of functional genomics and proteomics. Cell-Specific Nature of the Atlas Finally, it will be important to consider the possibility that Conclusion functional maps need to be related back to particular
The genome project has been compared to the expeditissues or even cell types. C. elegans is a particularly tion of Lewis and Clark after which the boundaries and exciting model system at this point of view since every the basic geographical opportunities of a new country single cell and its lineage have been mapped in this were once and for all defined. This analogy can help us organism (Sulston et al., 1983) , and these cells can be understand the recent development of molecular biolobserved in real time. Early attempts have already been ogy and what lies ahead. As the Lewis and Clark map described to create a computer-based virtual worm in eventually helped create novel global opportunities, the which one might be able to navigate from cell to cell completion of the human genome sequence will help us with the hope that in the future it will be possible to formulate biological questions with entire proteomes in organize functional maps inside each one of these indimind rather than with single proteins. However, before vidual cells (see e.g., Mohler, 1999 ). The situation is we get there, we need maps that represent what the obviously more complicated for more complex multicelproteome might look like, not unlike the numerous maps lular organisms but similar projects have already been that were drawn in the aftermath of the Lewis and Clark launched for the mouse brain for example. Eventually expedition. then one might imagine that the biological atlas will merge with a computer version of the anatomy atlas. 
